Background: Bladder cancer is among the five most common malignancies worldwide, and due to high rates of recurrence, one of the most prevalent.
Introduction
Bladder cancer is among the 5 most common malignancies worldwide (1) . The current primary diagnostic approach to bladder cancer is cystoscopy coupled with voided urine cytology (VUC). Cystoscopy is an uncomfortable, invasive procedure associated with significant cost and possible infection and trauma. VUC remains the method of choice for the noninvasive detection of bladder cancer. However, while the assay has good specificity, VUC sensitivity is suboptimal, especially for low-grade and low-stage tumors (1, 2) . A number of urine-based diagnostic protein markers have been developed commercially, but single biomarker assays lack adequate power to replace VUC and/or cystoscopy. This is not surprising given the redundancy of signaling pathways, the cross-talk between molecular networks, and the oligoclonality of tumors. Thus, it is postulated that the identification of alternative biomarkers for the detection of bladder cancer in urine may benefit from a more genome-wide analytic strategy.
In a previous pilot study of 46 cases (3), we showed the feasibility of gene expression profiling of exfoliated urothelia and developed an analytic approach to identify cancer-associated gene signatures. In this study, we have expanded the genome-wide expression profiling to 92 subjects (52 with confirmed bladder cancer). Parallel computational analyses were applied to identify bladder cancer-associated biomarkers and to derive multiplex diagnostic models. Selected candidate biomarkers were verified in an independent cohort of 81 subjects (44 bladder cancer cases) monitoring transcripts in urothelial cells obtained from naturally voided urine using quantitative real-time PCR (RT-PCR). An optimal diagnostic signature that comprised 14 genes achieved a high degree of accuracy. This discovery phase study shows the feasibility and potential of using urothelial cell gene expression signatures for the noninvasive detection of bladder cancer. Validation of the association of these models in larger and more diverse cohorts representing all urological disease states could lead to robust and accurate noninvasive tests for bladder cancer diagnosis.
Materials and Methods

Clinical sampling and processing
Under Institutional Review Board approval and informed consent, urine samples and associated clinical information were prospectively collected into a tissue bank. Two different clinical cohorts were analyzed in this study. The first group (cohort 1) consisted of 40 individuals with no previous history of urothelial cell carcinoma, gross hematuria, active urinary tract infection or urolithiasis (controls), and 52 individuals with newly diagnosed primary urothelia cell carcinoma. The second group (cohort 2) was comprised of 37 individuals with no previous history of urothelia cell carcinoma, gross hematuria, active urinary tract infection, or urolithiasis (controls), and 44 individuals with newly diagnosed primary urothelial cell carcinoma. All subjects were evaluated in the urology outpatient clinic, presenting with hematuria or voiding symptoms. All subjects underwent office cystoscopy, urinalysis, and VUC, and the majority also had axial imaging of the abdomen and pelvis. Furthermore, in our cancer group, histologic confirmation of urothelial cell carcinoma, including grade and stage, was noted from the excised tissue. In the discovery cohort, 50 mL of saline bladder barbotaged obtained during cystoscopy was collected into a sterile cup and stored at 4 C until it was processed (<3 hours). For the second cohort, 50 mL of midstream-voided urine was collected in a sterile cup and stored at 4 C until it was processed (<3 hours). Specimens with grossly visible blood were excluded. Pertinent information on clinical presentation and outcome were recorded. A summary of clinical data is given in Table 1 . Each sample was assigned a unique identifying number before laboratory processing, as previously described (3) . Laboratory personnel were blinded to final diagnosis.
Gene expression profiling
Gene expression profiling was conducted on Affymetrix Human Genome arrays (U133 Plus 2.0) according to standard protocols (Affymetrix). All microarray data obtained in the course of this study have been deposited in the NCBI's Gene Expression Omnibus (4) and are accessible through the GEO Series accession number GSE31189. Conventional comparative analysis of gene expression data for association of genes with bladder cancer was conducted as previously described (3, 5, 6) . Briefly, the 2-sample Welch t statistics that allow unequal variances were used to identify genes that were differentially expressed between normal and tumor samples. The P value was used to assess the statistical significance for each gene. To correct for multitesting errors, the familywise error rate (FWER) was used following a permutation-based bootstrap step-down minP procedure.
Derivation of a diagnostic gene signature from microarray data
To derive optimal multigene diagnostic signatures from the microarray data, we applied the LoGo feature selection algorithm (7, 8) . To avoid possible overfitting of computational models to training data, we used the leave-one-out cross validation (LOOCV) method to estimate classifier parameters and prediction performance (9) . A receiver operating characteristic (ROC) curve (10) , obtained by varying a decision threshold, was used to provide a direct view of how a prediction model functioned at different sensitivity and specificity levels, and significance between groups was evaluated using t tests.
Quantitative RT-PCR analysis Purified RNA samples were evaluated quantitatively and qualitatively using an Agilent Bioanalyzer 2000. Complementary DNA was synthesized from 20 to 500 ng of total RNA, using the High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems) according the manufacturer's instructions, with random primers in a total reaction volume of 20 mL.
Selection of endogenous reference controls. An aliquot of each sample cDNA was used in a multiplex RT-PCR preamplification reaction of 15 endogenous reference targets: GAPDH, ACTB, B2M, GUSB, HMBS, HPRT1, IPO8, PGK1, POLR2A, PPIA, RPLP0, TBP, TFRC, UBC, and YWHAZ. The 15 TaqMan Gene Expression Assays were pooled together at 0.2Â final concentration. Subsequently, 12.5 mL of the pooled assay mix (0.2Â) was combined with 4 mL of each cDNA sample and 25 mL of the TaqMan PreAmp Master Mix (2Â) in a final volume of 50 mL. Thermal cycling conditions were as follows: initial hold at 95 C during 10 minutes and 10 preamplification cycles of 15 seconds at 95 C and 4 minutes at 60 C. The preamplification products were diluted 1:5 with Tris-EDTA buffer before singleplex reaction amplification using the TaqMan Human Endogenous Control Array (PN 4367563; Applied Biosystems), a 384-well microfluidic card containing the 15 genes listed above plus 18S RNA. The reactions were carried out on a 7900HT Fast Real-Time PCR System (Applied Biosystems). Genes with the least variable expression across all 81 samples (UBC, PPIA, PGK1, and GAPDH) were identified using GeNorm software (Integromics) and subsequently selected for the 48-target custom TaqMan Low Density Array (TLDA). The TLDA format is a 384-well system that uses standard TaqMan assays and enables automated loading and highthroughput analyses (11) .
Custom array preamplification and amplification reactions. TLDAs were constructed by Applied Biosystems using predesigned assays whose probe would span exons. Targets included were: UBC, PPIA, PGK1, and GAPDH (4 endogenous controls); BIRC5, TERT, KRT20, CLU, PLAU, CALR, ANG, CA9, SCG3, ATF3, TLR2, AGT, DMBT1, ERBB2, CTNNA1, ATM, FBXO9, CCNE2, NUSAP1, SNAI2, PLOD2, MMP12, IL1RAP, ITGB5, DSC2, APOE, TMEM45A, SYNGR1, MMP10, IL8, VEGFA, CPA1, CCL18, CRH, MCOLN1 SERPINE1 MMP1, MMP9, FGF22, MXRA8, NRG3, SEMA3D, PTX3, and RAB1A (44 biomarker targets). A multiplex RT-PCR preamplification reaction was carried out using the pooled 48 TaqMan Gene Expression Assays. Assay reagents at 0.2Â final concentration were combined with 7.5 mL of each cDNA sample and 15 mL of the TaqMan PreAmp Master Mix (2Â) in a final volume of 30 mL. Thermal cycling conditions were as follows: initial hold at 95 C during 10 minutes; 14 preamplification cycles of 15 seconds at 95 C, 4 minutes at 60 C, and a final hold at 99. 9 C for 10 minutes. Ten microliters of undiluted preamplification products was used in the subsequent singleplex amplification reactions, combined with 50 mL of 2Â TaqMan Universal PCR MasterMix (Applied Biosystems) in a final volume of 100 mL, according to the manufacturer's instructions. One sample of Human Universal Reference Total cDNA (Clontech) was included as a calibrator in each microfluidic card. The reactions were run in a 7900HT Fast Real-Time PCR System (Applied Biosystems).
Statistical analysis
RT-PCR amplification results were processed with RQ manager (Applied Biosystems) and StatMiner (Integromics) software packages. The baseline correction was manually checked for each target and the C t threshold was set to 0.2 for every target across all plates. One sample that amplified less than 10% of the 48 targets was removed from the analysis, and 1 target (PTX3) was removed from all subsequent analyses because amplification curve analysis revealed amplification of nonspecific products. The RT-PCR data was analyzed using the comparative C t method (12) . DDC t values were calculated using a geometric average of the 4 endogenous reference targets (UBC, PPIA, PGK1, and GAPDH) as normalizer and Human Universal Reference Total cDNA (Clontech) as the calibrator. Genes deemed to be differentially expressed between bladder cancer and noncancer samples were determined by t test comparison (P < 0.01).
Logistic regression was used to establish a prediction model from the quantitative PCR data, that is, to predict the actual status of a given sample as cancer or control (see Supplementary Document SA). A ROC curve was then plotted to visualize how a prediction model carried out at all sensitivity and specificity levels, and the area under ROC curves (AUC) was reported following the standards for the reporting of diagnostic accuracy studies criteria for biomarker study reporting (13) . The P value was computed as the occurrence frequencies of the iterations, where the resulting AUCs outperformed that obtained using the original class labels. A P < 0.01 was considered to be statistically significant. Logistic regression analysis was conducted with bladder cancer status (yes vs. no) as the response variable and biomarker values, gender, and ethnicity. Neither gender nor ethnicity was identified as a confounder. We also conducted a permutation test (1000-fold) to estimate the P value of predictive performance. Further details of model derivation are available in Supplementary document SA. Statistical analyses were conducted by SPSS 13.0. (IBM) and by MedCalc version 8.0 (MedCalc Software).
Results
The overall scheme for identifying diagnostic molecular signatures for bladder cancer is depicted in Fig. 1 . Urothelial cell samples were isolated from 92 subjects for molecular profile analysis (discovery cohort). Of these subjects, 52 had biopsy confirmed bladder cancer and 40 had no evidence of cancer. Patient cohort characteristics are summarized in Table 1 .
Gene expression profiling
RNA was subjected to 2-cycle amplification strategy before hybridization to Affymetrix U133 Plus 2.0 arrays. Comparative group (cancer vs. noncancer) data analysis identified a 447-gene set that had expression patterns associated with disease status (P 0.01), with 52 genes having a P value of 0.001 or less (see Supplementary Table  S1 ). From a list of genes ranked only by P value, it is not clear which are the most relevant to the classification task at hand, in this case, stratifying cancer versus noncancer cases. To identify the most accurate diagnostic signatures from the microarray data, we applied a feature selection algorithm that we have previously derived and applied to the derivation of optimal disease classifiers in bladder, breast, and prostate cancer (3, (7) (8) (9) . The algorithm conducts multivariate data analyses on high-dimensional data without making any assumptions about the underlying data distribution. This approach identified a 43-gene model (Supplementary Table S2 ) that functioned best in predicting class label, achieving an area under the ROC curve of 0.82, during leave-one-out cross validation. Overlap between the modeling and comparative data analyses informed the selection of genes for investigation with quantitative PCR in the second cohort.
Verification of candidate biomarker transcripts in an independent cohort
To validate and refine the bladder cancer diagnostic molecular signature, we tested a selected panel of candidate biomarkers from the analyses described above in naturally voided urine samples from an independent cohort (cohort 2; Table 1 ) composed of 44 subjects with biopsy-proven bladder cancer and 37 subjects with no evidence of cancer (Table 1) . Target transcripts were measured in RNA samples from urothelia isolated from naturally micturated urine using quantitative RT-PCR. Microfluidic cards of 384-well format were custom designed to include 44 candidate biomarker targets, plus 4 selected endogenous controls selected by screening the level of 15 commonly used endogenous controls in the full cohort of samples (selection and design described in Methods and in Supplementary document SB). Biomarker targets were selected primarily from the top statistical ranking and molecular signature models described above, but we also included several putative biomarkers (TERT, KRT20, CLU, PLAU, CALR, CA9, and ANG) that have been shown to be associated with bladder cancer in our own previous studies or the literature (14, 15) . When other selection criteria were equal, we selected genes that encode integral membrane proteins or secreted proteins because these classes hold particular potential for development as urine-based biomarker assays. The 44 selected targets are listed in Table 2 . Differential expression values were calculated by normalization using the reference targets (UBC, PPIA, PGK1, and GAPDH) and Human Universal Reference Total cDNA (Clontech) as the calibrator on each plate. Fifteen targets were revealed to be differentially expressed between bladder cancer and noncancer samples (P < 0.05) using a t test.
Molecular signature derivation
To identify the molecular signature that could best predict the status of a given sample as cancer or control, we also used L1-regularized logistic regression to derive a prediction model from the 44 targets. ROC curves were generated to compare the performance of all possible combinatorial models. The optimal signature derived from the PCR analysis was composed of 14 genes (Table  3 ). We observe that some genes (e.g., DMBT1 and ERBB2) have relatively high P values and, therefore, may not be valuable when evaluated individually; however, these targets do provide critical information when combined with a panel of biomarkers. A scatter plot of the 14-gene signature performance showed a significant (P < 0.0001) spread of values between cancer and noncancer cases ( Fig.  2A) , and the ROC curve depicts performance across all sensitivity and specificity values (Fig. 2B) . The ROC curve reveals that, at a sensitivity of 90%, the 14-gene signature achieved a specificity of 100%. The AUC was 0.98. By plotting the variation of signature P values against AUC values, it was revealed that the 9 top-ranked genes contributed the most to the 14-gene signature performance (Fig. 2C) . Figure 1 . Overall scheme of diagnostic biomarker discovery and verification approach. Urothelial samples from the discovery cohort of 92 subjects (52 bladder cancer cases) were profiled using gene expression arrays monitoring approximately 47,000 transcripts per sample.
Computational analyses identified bladder cancer-associated genes and a diagnostic molecular signature that had optimal predictive value (see Supplementary Tables S1 and S2 ). Forty-eight targets were selected from the discovery cohort analyses for validation in an independent cohort of 81 subjects (44 bladder cancer cases). Validation was carried out using quantitative PCR using TaqMan assays. Data analysis identified bladder cancer association of individual biomarkers (Table 2 ) and predictive multiplex signatures (Table 3) . The optimal 14-gene model was composed of 7 gene transcripts that were upregulated in urines from bladder cancer subjects and 7 that were downregulated. Considering the development of potential biomarker assays, in which upregulated genes are more applicable for accurate detection, we applied a constrained L1-regularized logistic regression model (Supplementary document SA) to derive an optimal diagnostic signature composed of only upregulated genes (Supplementary document SA). Considering the limits on target selection, the 9-gene signature (Table 3 ) worked very well, achieving an AUC of 0.93 ( Fig.  3A and B) . From the ROC curve (Fig. 3) , we can see that, at a sensitivity of 80%, the 9-gene signature achieved 98% specificity. Plotting the P value variation and AUC values revealed that the top 2 ranked genes (CA9 and CCL18) contributed most to the 9-gene signature (Fig. 3C) .
Discussion
A number of molecular tests have been developed to detect potential tumor-associated biomarkers that are released into the urine from malignant cells. Some of these tests include bladder tumor antigen (BTA; ref. 16 ), nuclear matrix protein 22 (NMP-22; ref. 17) , and FISH analysis for chromosomal abnormalities (18) . However, these biomarkers have limited sensitivity; thus, by themselves, have not proven to be accurate enough to replace cystoscopy or even VUC. The idea that the presence or absence of a single molecular marker will aid diagnostic or prognostic evaluation has not proved to be the case. This makes sense when one realizes the complex interactions between various molecules within a single pathway, the cross-talk between molecular pathways, the redundancy of some pathways, and the oligoclonality of many tumors. Thus, an evolution to a more global assessment of cancer and the derivation of multiplex molecular classifier signatures holds more promise.
This study is part of a long-term program to develop robust, multiplex molecular assays for noninvasive diagnosis of bladder cancer. We have previously reported in a pilot study the feasibility of profiling the entire transcriptome of shed urothelial cells (3) . In this study, we expanded the genome-wide transcriptome profiling to 92 urothelial samples and identified candidate biomarkers associated with the presence of bladder cancer. A panel of differentially expressed genes was selected from the profile data for further investigation in an independent cohort of 81 subjects. The overall strategy is to profile as many genes in as many samples as is technically and economically feasible, followed by more targeted monitoring of a smaller subset of genes in additional samples using a more accurate and cost-effective technique. This approach has enabled us to identify candidate biomarkers and to refine potential multiplex signatures for future validation studies. To date, we have kept both the controls and bladder cancer cohorts relatively separate and homogeneous. This enables identification of promising biomarkers that can be subsequently tested in more complex sets of samples. Conversely, although more typical with respect to clinical presentation, profiling a very heterogeneous cohort (history of bladder cancer, UTI, gross hematuria, etc.) with a high-dimensional array and that does not have adequate representation of each subtype will compromise the ability to identify statistically significant associations. The next phase in our program will be to investigate the significance of the top-ranked panel of biomarkers identified in this study in larger and more diverse cohorts that have a broader representation of bladder cancer subtypes and controls. From that analysis, an optimal signature and a computational method for deriving a diagnostic score will be locked-down for testing in multisite trials.
The rationale for analyzing the shed urothelial component of urine in this study is 2-fold. The first reason is the fact that we aim to develop noninvasive assays for bladder cancer detection, and reasoned that the analysis of the very component that will be the analyte of a future assay is optimal. However, it is equally important that this analyte enables comparison of samples collected from subjects with nonmalignant conditions. Solid tissue samples are available from surgically excised material, but truly normal tissues are almost never available because it would be unethical to biopsy healthy tissue. The analysis of bladder tissue is also restricted by the occurrence of the "field effect", which describes the phenomenon of widespread urothelial change when a malignant lesion is present. Thus, even apparently normal tissue adjacent to excised tumor is not useful for comparison. This is why tissuebased studies have yielded more prognostic than diagnostic biomarkers of promise to date (19, 20) . The analysis of urothelia overcomes this limitation because all individuals shed an appreciable number of cells routinely.
The gold standard for the noninvasive diagnosis of bladder cancer is VUC. VUC relies on the microscopic visualization of shed cancer cells in voided urine. Lowgrade tumors and low-stage tumors (Ta-T1) shed less cancer cells into the urine, and therefore, the sensitivity for detecting these tumors by VUC typically ranges from 20% to 40% (21) . In the current study, VUC detected 31% and 27% of the subjects with bladder cancer in cohort 1 and cohort 2, respectively. The detection rate of bladder cancer by VUC in our study is in line with its detection rate in our previous studies (3, 22) . The amplification of shed urothelial cell molecular content, in this case specific transcripts, by PCR obviously provides a huge advantage over a visual analysis of scant cellular material, but it also enables the detection of informative molecular changes that may not manifest as changes in nuclear morphology-the criteria used for VUC evaluation. Of the genes in our best performing signatures (Table 3) , some have been implicated in bladder cancer previously (MMP12, CA9, ERBB2, MMP9, and VEGFA), whereas have been associated with other cancers but not bladder cancer (CCL18, DMBT1, RAB1A, SEMA3D, DSC2, AGT, and CRH). To our knowledge, TMEM45A, SYNGR1, and MXRA8 have not been linked to any cancers previously. Of those implicated in bladder cancer, only ERBB2, CA9, and MMP9 have been investigated at all as candidate biomarkers in urine-based assay for cancer detection, and in this context, only 1 or 2 articles for each marker are available in the literature. The ability to carry out global gene expression profiling on the minimal material present in shed urothelial cell (3) greatly facilitates the identification and development of potential biomarkers for the detection of bladder cancer in noninvasively obtained patient samples. Urine-based assays have several advantages over tissue as a clinical sample. The noninvasive sampling not only benefits the patient by avoiding discomfort, but also enables repeat and copious sampling. Biomarkers can be monitored at the DNA, RNA, or protein level in the cellular material or the supernatant (18, 23, 24) , and although a stand-alone test is desirable, information can also be used to increase the accurate detection power of cytology, cystoscopy, or biopsy evaluation. A European team has also used the urothelial sample approach for molecular classification and signature derivation using a similar strategy (25) . In parallel with our microarray profiling, the initial analysis by Mengual and colleagues used bladder washings (barbotage). However, we carried out genome-wide profiling (>47,000 transcripts using Affymetrix U133 Plus 2.0 array) on 92 barbotage specimens to identify promising targets for investigation with a target-specific technique, Mengual and colleagues assessed less targets (384 genes) using quantitative RT-PCR. The 384 genes were selected from a previous study that profiled only 12 solid bladder tissue samples (26) using a cDNA microarray platform. Their analysis identified a 12-gene signature that achieved high accuracy in diagnosing bladder cancer as shown in an independent cohort using quantitative RT-PCR. The 12-gene signature achieved diagnostic accuracy of 89% sensitivity and 95% specificity. Despite significant differences between the current study and the study by Mengual and colleagues, both groups were able to derive molecular signatures that can accurately identify bladder cancer. This shows that a multiplex quantitative PCR test on voided urine sample holds promise as a noninvasive urine-based assay in the evaluation of patients being investigated for bladder cancer. Given the different approaches used to get to a biomarker panel that works in actual voided urine samples, it is not surprising that there is not so much overlap in the diagnostic signature between the 2 urothelia studies. Overlap between gene Figure 3 . A, expression distribution of the 9-gene signature on cancer and noncancer sample groups (P < 9.45e-12). B, ROC curve illustrating the diagnostic accuracy of a 9-gene classifier for bladder cancer that was comprised only of upregulated genes. C, variation of P values and AUROC values with respect to the number of genes included in a prediction model. For the 9-gene diagnostic signature, the 2 topweighted genes contributed most to the signature. Figure 2 . A, expression distribution of the 14-gene signature on cancer and noncancer groups. The groups are well separated (P < 6.5E-18). B, ROC curve illustrating the diagnostic accuracy of a 14-gene classifier for bladder cancer. C, variation of P values and AUROC values as a function of the number of genes included in a prediction model. For the 14-gene diagnostic signature, all genes contribute to the prediction power, but the 9 top-weighted genes provided the most significant information.
lists of microarray studies conducted in bladder tissues have also been reported to be less than might be expected (27) ; however, a number of genes present in our topranked lists and models are components of signatures under investigation by others (25) . It may be that there is considerable overlap of signature genes at a higher level, either as components of common signaling pathways or through a commonality of function. We recognize that our study has several limitations. First, as a tertiary-care facility, we tend to see more highgrade, high-stage disease, which is reflected in our study cohort. To further confirm the robustness of our multiplex signature, subsequent studies must assess larger cohorts that include subjects with low-grade, low-stage disease. We also did not have complete smoking data for all subjects in the cohort and, therefore, an association with smoking history was not possible. Third, processed, banked urines were analyzed. Urines were centrifuged and separated into cellular pellet and supernatant before storage at À80 C. It is feasible that freshly voided urine samples may provide different results. We are currently investigating the performance of selected biomarkers in urines processed via a number of different protocols, including freshly voided urines. The use of Affymetrix GeneChip arrays and TLDA avoids a lot of typical technical errors, but in future studies we will also include more technical replicates to assess intrasample variation. Next, the sensitivity of VUC in our cohort of predominantly high-grade (grade 3) disease (31% and 27%) was lower than would be expected. This calls into question the known interobserver variability of interpreting VUC. In subsequent studies, we will use 2 cytopathologists to interpret these results. Finally, our second cohort of 81 cases is relatively small and the 2 groups that comprised the 81 subjects were relatively homogeneous, that is, either active cancer or control cases with no active cancer, no history of cancer, no urinary tract infection, no urolithiasis, and no gross hematuria. Thus, we were not able to assess sensitivity/specificity of our biomarkers among different stages/grades.
In this discovery phase study, we have identified biomarkers and diagnostic signatures that achieved higher values of sensitivity and specificity than previously reported for any current or proposed test, confirming the feasibility of developing diagnostic assays that use shed urothelia as analyte. The development of an accurate, noninvasive bladder cancer detection assay would clearly benefit both the patient and the health system. If the assay is accurate and reliable enough, then it would be applicable for not only diagnosing and surveilling the bladder cancer, but also for screening at-risk asymptomatic individuals. Larger, confirmatory studies are now under way to further refine and validate biomarker panels before the development of clinically applicable urine-based assays. 
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